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Introduction
Ultra-Low Velocity Zones (ULVZ) are small regions in the lowermost mantle with much lower velocity and higher density than the surrounding mantle ( ρ 5-15%, V p 8-15%, V s 24-45%) (Jensen et al., 2013; Rondenay et al., 2010; Thorne et al., 2013) . A defining value of ULVZs is that (dln V s /dln V p ) T,P is observed to be about 3 , although values closer to 2 have also been speculated (Hutko et al., 2009; Idehara et al., 2007) . There are two common explanations for ULVZs; one is that they are areas of partial melt (Hernlund and Jellinek, 2010; Nomura et al., 2011 ) and the other is that they are enriched in iron (Bower et al., 2011; Dobson and Brodholt, 2005; Mao et al., 2006) . The latter could arise as the final product of crystallisation of a deep magma ocean (Labrosse et al., 2007; Nomura et al., 2011; Thomas et al., 2012) , the incorporation of some iron from the core (Buffett et al., 2000; Garnero and Jeanloz, 2000; Kanda and Stevenson, 2006; Manga and Jeanloz, 1996; Mao et al., 2006; Petford et al., 2005) , or from ultra-However, a recent study Wicks et al. (2010) concluded that iron-enriched fp rather than iron-enriched pv may be able to match ULVZ properties. This is based on their experiments at highpressure which showed that iron affected the velocities of fp much more than expected. When making corrections for temperature, Wicks et al. (2010) found that V p , V s and density of ULVZs could all be matched with ∼84% iron Fe enrichment in the fp when mixed with 88% vol percent pv. These experiments, however, were performed at room temperature and, as we show here, temperature has a number of important effects; not only will it decrease the bulk and shear moduli but it also changes the proportion of high and low spin Fe which further affects the elasticity of ferropericlase.
There have been a number of other studies attempting to characterise the effect of large concentrations of iron in fp. For instance, the variation in the bulk modulus (K) of fp with Fe content (dK/dFe) has been surveyed for a wide range of studies (Scanavino and Prencipe, 2013) . Theoretical results under ambient conditions and for Fe concentrations less than about 50% (Scanavino and Prencipe, 2013; Wu et al., 2013) show an increase of ∼0.1 (GPa/Fe%) in K and a similar decrease in the shear modulus (G). They also found that the effect of Fe on the moduli increased with increasing pressure. For more strongly enriched iron concentrations there is a negligible difference in K compared to MgO (Isaak and Moser, 2013) , but a possible large decrease in G (Lu et al., 2005; Scanavino et al., 2012) . The increase in density associated with the incorporation of iron causes large decreases in seismic velocities, with dV s /dFe ∼−0.03 km s −1 /%Fe and dV p /dFe ∼−0.04 km s −1 /%Fe at ambient conditions (Chen et al., 2012; Jacobsen et al., 2002; Reichmann et al., 2000; Sinmyo et al., 2014; Wicks et al., 2010; Wu et al., 2013) . Again, increased pressure seems to increase the magnitude of these derivatives slightly (Sinmyo et al., 2014) .
To complicate matters, fp undergoes a spin transition from high spin (S = 2) to low spin (S = 0) with increasing pressure. Intermediate spin states are only metastable and thus should not be overwhelmingly present (Larico et al., 2013) . For low amounts of iron (<20%) the spin transition is concentration independent, occurring between 40-60 GPa at ambient temperatures and rising to 70-125 GPa for mid-mantle temperatures (2200-2400 K) (Lin et al., 2013) . Larger concentrations of iron act to increase spin transition pressures (Lin et al., 2007a; Persson et al., 2006; Speziale et al., 2005) . Temperature acts to broaden the spincrossover region and moves it to higher pressures, and this region can be theoretically treated as an ideal mixture of low and high spin states (Lin et al., 2007b; Wentzcovitch et al., 2009; Wu et al., 2009 Wu et al., , 2013 . The low spin state has a density 1-5% larger than the high spin state and a K that is 1-4% larger (Lin et al., 2013; Wu et al., 2013) . Within the spin-transition region K and V p decrease by as much 50%, but this becomes less pronounced and more spread out with temperature (Lin et al., 2013; Wentzcovitch et al., 2009; Wu et al., 2013; Wu and Wentzcovitch, 2014) . G and ρ remain essentially unaffected by the spin transition. In this paper we examined the full range of iron substitution from MgO to FeO at the pressure and temperature of the base of the mantle. In this way we can elucidate how well low pressure and low temperature trends hold up in predicting lower mantle properties.
Methods
All simulations were carried out with the DFT code VASP (Kresse and Furthmuller, 1996) using the projector-augmentedwave (PAW) method (Kresse and Joubert, 1999) and the PBE formulation of GGA corrected for solids (Perdew et al., 2008 Both static and high temperature molecular dynamics (MD) runs were performed. All runs were performed with a cubic 64 atom unit cell (2a * 2b * 2c). Static runs were calculated at 4 × 4 × 4 k points and MD runs were calculated at the gamma point. To ensure k point sufficiency we tested larger k point meshes for both unstrained and strained unit cells and found no significant difference in output stresses or in atom vibrations for dynamic runs. Static runs had an energy cutoff of 850 eV and self-consistent runs were relaxed to within 10 −6 eV. MD runs had cutoffs of 650 eV and 10 −4 eV. MD trajectories were performed in the NVT ensemble using the Nosé thermostat (Nose, 1984) for 6-10 ps (10 ps for undeformed states, 6 ps for strained states). Nosé frequencies were ∼20 THz.
Isothermal elastic constants were calculated by applying four strain magnitudes (±0.02 and ±0.01) to one axial and one triclinic strain. The calculation of adiabatic elastic constants and uncertainties is the same as in Muir and Brodholt (2015) . To calculate properties of ferropericlase with Fe in the high spin state we fixed the overall spin to the ferromagnetic value, and for low spin states we used a non-spin polarised calculation. We also ran some spinpolarised simulations without fixing of any spin states. These are not likely to represent the true spin-state of fp at those P and T conditions since the runs do not include the magnetic or vibrational entropy within the electronic inner loop, but they do provide information on the properties of fp with that particular set of spins. All reported ferropericlase results are on B1 structures, the free energy of IB8 and NB8 hexagonal structures was calculated and at the lower mantle conditions of 136 GPa and 2000-4000 K the B1 structure was more stable for all iron concentrations.
For all systems studied elasticities were calculated at 136 GPa and 2000 K, 3000 K, 4000 K and static conditions for high, low and unfixed spin systems. Spin transition enthalpies were calculated in static conditions at 0, 30, 60, 90, 136 and 150 GPa. The entropy of spin transition was calculated at 60, 90, 136 and 150 GPa and 2000 and 4000 K.
In order to calculate the concentration of high and low spin iron under any P&T condition, we used:
where n LS is the proportion of states in the low spin state, G is the free energy difference (including magnetic, vibrational and electronic entropy) between a unit cell of low spin and high spin fp and n Fe is the number of iron atoms per unit cell ). Electronic entropy is determined directly from VASP. The vibrational entropy is determined using thermodynamic integration with the blue-moon algorithm in VASP (Bucko, 2008) along 5 image paths and with constraints placed on the Fe-O and Fe-Fe bond lengths of a random iron. Magnetic entropy was determined using Eq. (2):
where R is the gas constant and μ is the average absolute magnetic moment of an individual iron atom determined from VASP. Note that this does not contain a term for magnetic degeneracy Table 1 Spin transition pressure as a function of iron content (Fe x Mg 1−x O) (in GPa) at 0 K and entropy and Clasius-Clapyeron slopes of FeO at 4000 K. Lower iron concentrations had proportionality lower entropies but also proportionally smaller spin transition volume changes and so the Clausius-Clapeyron slope was independent of iron concentration. The data from Speziale et al. (2005) since that is already contained in the electronic entropy. To convert from magnetic moment to spin (S a ) we used a conversion factor determined by setting a 0 GPa FeO structure (μ = 3.70 per iron) to S = 2.
Following Wentzcovitch et al. (2009) 
where V is the volume of the various spin states. The moduli at any particular temperature are then determined by Eq. (4): (Wu and Wentzcovitch, 2014) . A similar expression is used for G, but in this case the final term is 0. The moduli of single phase systems were determined via the Reuss (R), Voigt (V) and Voigt-Reuss-Hill (VRH) averaging schemes. The elastic properties of the polyphase systems were obtained using the Hashin-Shtrikman bounding method (HS) (Davies, 1974) . Table 1 lists the spin transition pressure of Fe x Mg 1−x O structures at 0 K and their Clausius-Clapyeron slopes. At 0 K the enthalpy change of the spin transition is quite small and so at 136 GPa, FeO is most stable in a random mixed spin state with n LS of 0.2. At elevated temperature all spins are found to be paramagnetic. A large increase in magnetic entropy (and somewhat the vibrational entropy) stabilises the high spin state at high temperature and increases the spin transition pressure. The average spin of each iron atom decreases with temperature from S = 1.82 at 0 K to 1.43 in pure FeO at 4000 K. In Fe 0.5 Mg 0.5 O the average spin becomes 1.28. These values are between a high (S = 2) and an intermediate spin (S = 1). No distortion in iron sites was seen upon heating and thus this decrease is likely due to thermal broadening effects, rather than a true intermediate state.
Results

Spin states
To calculate the effect of temperature on the proportion of high and low spins, we treated a mixture of them as an ideal-solid solution using Eq. (1). The results are shown in Fig. 1 . For low iron concentrations (<25%) we find that iron should be almost entirely low spin in the very deepest mantle (136 GPa) at all temperatures, with only a slight decrease in n LS to 0.98 at 4000 K. A slightly larger decrease in n LS of 0.1-0.2 between 3000 and 4000 K for these iron concentrations has been seen theoretically in other studies due to the difference in QHA and thermodynamic integration methods (Fukui et al., 2012; Wentzcovitch et al., 2009; Wu et al., 2009 entropy, n LS and dn LS /dp were then calculated from these values for intermediate iron concentrations using equations given in the text. Statistical error is <1.5% for all thermal samples.
Elasticity
The elasticity of Fe xx Mg 1−x O is shown in Figs. 2-5 and selected values are tabulated in Table 2 . Firstly we examine the effect of iron on the elasticity of the end-member high and low spin states. At 0 GPa we find that iron has a negligible or very small effect on both the bulk and shear moduli (dK/dFe% = 0 and dG/dFe% = −0.16), but at 136 GPa iron has a far more significant effect on the moduli which is dependent on the iron spin state and the temperature ( Table 2) . As expected, G decreases with iron content and with temperature, regardless of the spin state. Interestingly, K decreases with iron content for the high spin state, but increases with iron content for the low spin state. At a fixed spin state temperature decreases K as expected but since temperature also affects the proportion of high-low spin, the real effect of temperature on K shows some interesting behaviour, as discussed below. The variable modulus changes seen in some experiments (Scanavino and Prencipe, 2013) could thus be reflective of differing iron spin states. The elasticity of calculations with no spin fixing (spin unfixed) are virtually identical to those of the relevant spin fixed sample.
The effect of spin state on K at 136 GPa is reflected in the individual elastic constants (Fig. 3) . The addition of iron decreases C11 and C44 but increases C12. dG/dFe is larger for high spin iron because C44 is affected more by high spin iron than by low spin iron. dK/dFe is negative for high spin iron since C11 is more affected than C12 by high spin iron whereas the opposite occurs for low spin iron leading to a positive dK/dFe. These effects may be explained by the arrangement of the d-electrons between the Fe-O bonds. Octahedral crystal field splitting predicts the higher energy e g orbitals (d z2 and d x2-y2 ) to lie along the Fe-O bonds and the lower energy t 2g orbitals (d xy , d zx and d zy ) to lie between them. High spin iron should have more electrons in e g orbitals than low spin iron and thus should resist Fe-O bond shortening and, therefore, compression more than low spin iron. It's not quite so obvious whether an analogous explanation can be used to understand why low-spin Fe resists shear more than high-spin Fe.
We then obtained the elasticity for mixed spin state (Mg, Fe)O using the spin values in Fig. 1 and Eq. (3). This requires us to find dn LS /dP, which we obtained by calculating n LS at each temperature for 60, 90, 136 and 150 GPa, fitting to a second-order polynomial and then taking the pressure derivative. As can be seen in Fig. 2 , the bulk moduli for the mixed spin-states are very different from that of the end member high-and low-spin states, and become particularly pronounced at high concentrations of Fe. For instance in FeO at 2000 K, the bulk modulus is about half that of the average of the high-and low-spin states. This can be understood by considering the slopes of n LS as a function of pressure and temperature in Fig. 1 . The proportion of high to low spin states is not changed by shear strain (Wu and Wentzcovitch, 2014 ) and so G merely represents an average of the high and low spin values.
The elastic anisotropy was also examined (Fig. 4) . FeO and MgO have a similar pattern of anisotropy at 0 and 4000 K, with only a slight increase in absolute anisotropy in FeO. Low spin iron has higher absolute anisotropy than high spin iron. Fig. 5 plots (Mg, Fe)O velocities as function of density for three different temperatures at 136 GPa. The density at a particular temperature is, therefore, controlled entirely by the concentration of Fe and its spin state. As expected, velocities decrease considerably with iron concentration due to the increased density of the Fe iron relative to Mg, and due to the softening of K and G. V s decreases reasonably smoothly with density, whereas V p shows a more complicated pattern, reflecting the strong effect of K on pressure as shown in Fig. 2 . Fig. 5 shows the VRH average of velocity as well as the V and R bounds. At high temperatures (4000 K) the shear modulus of FeO is only 1/5 that of MgO (Fig. 2) and thus small differences in G (<20 GPa) due to different averaging schemes causes large differences in the V s. Nevertheless, even the lowest bound (Reuss) V s is still too high for ULVZs.
At 0 GPa our calculated velocities match pure FeO (Isaak and Moser, 2013) and MgO experimental values (Kono et al., 2010) , while our velocities as a function of iron content match the experimental slopes found in Jacobsen et al. (2002) . At this pressure the VRH, R and V bounds are all similar enough to fit the experimental data. At 136 GPa our results do not compare to those of highly enriched iron found in Wicks et al. (2010) . At 0 GPa and 0 K and 85% Fe, we obtain V p and V s of 6.6 and 2.6 km/s respectively, which compare well with ambient condition V p and V s of 6.8 and 2.8 km/s of Wicks et al. (2010) . At 136 GPa and 300 K, however, we obtain V p of 10.1 and V s of 4.8 km/s compared to a V p of 7.5 and a V s of 3.8 for Wicks et al. (2010) . It is unclear why there is so much difference between our results and the high-pressure velocities of Wicks et al. (2010) . We note, however, that the velocities of Wicks et al. (2010) seem to be remarkably insensitive to pressure, in particular V p which only increase from 6.8 to 7.5 km/s over a pressure range of 136 GPa which may be due to the transition to a hexagonal structure above ∼80 GPa which would not be stable at lower mantle temperatures (Ozawa et al., 2010) . It has also been observed that NIS measurements of sound velocities on solid solutions differ from those measured with ultra-sonic methods (Sinmyo et al., 2014) . This leads to the suggestion that the NIS sound-velocity measurements of Wicks et al. (2010) may be affected by the element-specific nature of the NIS technique (Sinmyo et al., 2014) . We find the effect of pressure on the velocities of FeO to be similar to that of MgO (Oganov and Dorogokupets, 2003) and MgO with moderate amounts of Fe (Wu et al., 2013) . That is, V p is reduced by 8% to 16% from PREM, V s is reduced by 25% to 45% and density is increased by 5 to 15%. As can be seen in Fig. 5 , we find that highly iron enriched MgO is able to match V p and density of ULVZs, but that V s is not reduced enough. This is reflected in a compositionally dependent (dln V s /dln V p ) T,P of 1.3-1.5 at PREM + 10% density, which is far lower than that the value of 3 generally observed in ULVZs. Slightly different values for (dln V s /dln V p ) T,P can be obtained if we use a different temperature for the CMB but they are still far lower than those of ULVZs.
Implications for ULVZs
The conclusion that a highly Fe enriched MgO is not able to match all the properties of ULVZs is similar to the conclusion of Muir and Brodholt (2015) for Fe-enriched perovskite. In both phases, the reduction in V s would require very high Fe concentrations (∼100%) and thus would result in unreasonably high densities. However, we have not yet considered both phases simulta- neously. In order to do this there are three variables that can be adjusted: 1) the ratio of fp to pv, 2) the total amount of iron in the system, and 3) the partitioning of this iron between pv and fp. There are also two main sources of bounding error -firstly the individual pv and fp moduli have a value that is between the V and the R bounds and secondly a two phase mixture with unknown mixing geometry has HS bounds. If highly enriched fp is present the HS bounds are very large due to the very low G of FeO relative to perovskite.
Figs. 6 and 7 show the effect of iron partitioning on the properties of a two phase fp-pv system. The total amount of iron was fixed such that the density of the system matches the ULVZ density of PREM + 10%. The greatest reduction in velocities occurs when one phase or the other becomes strongly enriched in Fe, and so the lowest velocities for any particular mixture of phases is always achieved when 100% of the Fe is in the volumetrically smallest phase. The maximum iron enrichment is, however, restricted by the requirement to match ULVZ densities. For instance, with mantle-like phase proportions of 80% pv + 20% fp, only slight reductions in velocity occur if Fe is incorporated predominantly in perovskite. Stronger velocity reductions begin when Fe becomes more enriched in fp than pv but in this case the density increases beyond that of ULVZs (which is why the light blue line in Figs. 6 and 7 is truncated when the proportion of Fe in fp exceeds about 0.6). Alternatively, for a phase proportion of 20% pv + 80% fp, significant reductions in velocities only begin when most of the Fe is partitioned into the volumetrically minor phase pv but when pv becomes too enriched in Fe (above about 70%) the density again exceeds that of ULVZs. This is indicated in the figures by the truncation of the orange line at low values of Fe in pv.
The strongest reductions in velocities which satisfy the midpoint of the ULVZ density range are obtained for a phase proportion 74% pv + 26% fp and where all the Fe is partitioned into fp. This corresponds to a mixture of pure FeO and MgSiO 3 . In this case, V s drops by 25% to 43% depending upon the particular averaging scheme. As discussed earlier, (dln V s /dln V p ) T,P for the individual phases is much smaller than the value of 3 observed in ULVZs but a much larger value can be obtained for a polyphase mixture of pv and fp with the exact value again depending on the particular averaging scheme used. For instance, using the Reuss averaged moduli (dln V s /dln V p ) T,P for the individual phases and the HS bounds for the polyphase, (dln V s /dln V p ) T,P can reach a maximum of 3.0. This increase is mostly due to the large range of possible velocities inside the HS bounds, however, and the (dln V s /dln V p ) T,P value taken from the middle of the HS bounds reaches a maximum of 2.1.
To further extend the comparison with ULVZs, we search for all two-phase mixtures of ferropericlase and perovskite that simultaneously produce V p , V s and density within the range of ULVZ values. For this we use the Reuss bounds as these produce the lowest velocities (Figs. 6 and 7 ). Fig. 8 shows the result of the search. All solutions above the solid line (σ = 1) and below the black dashed lines (only seen in Fig. 8b ) fit all three ULVZ properties. Solutions outside this have at least one property outside the ULVZ range. As can be seen, there is a large range of ratios of fp to pv which are able to fit all three ULVZ observables. In order to give an indication of how well inside the range of ULVZ properties a particular solution lies, we have contoured the results in terms of σ as a measure of deviation from the middle of the ULVZ range. To do this we assume that ULVZs properties range from ρ = 5-15%, V p = 8-15% and V s = 24-45% from the average PREM values.
We then take the middle value of those ranges as the most likely ULVZ value ( ρ = 10%, V p = 13.5% and V s = 34.5%) and half the range as an uncertainty (σ ( ρ) = ±5%, σ ( V p ) = ±3.5%) and σ ( V s ) = ±10.5%). We then calculate the miss-fit of any possible ULVZ compositions from those middle values via Eq. (5):
with an equivalent expression for V p and V s . In Fig. 8 we contour the maximum σ of all three variables. A σ = 0 would mean that a solution produces V p , V s and density which match the exact middle of the ULVZ range. A σ > 1 would mean that at least one property is outside the ULVZ range. We realise that this is not a true measure of uncertainty or error, but it gives some indication of how securely a solution falls within the ULVZ range.
We can see in Fig. 8 There is another local best solution (σ = 0.69) where most iron partitions into pv and very little into fp. The "best" solution makes some sense in that strong partitioning of iron into ferropericlase is supported by experiments.
The partitioning of iron between ferropericlase and perovskite is affected by multiple factors. Increasing the total amount of iron or decreasing the pressure both act to decrease K D (where K D is the exchange coefficient and a low K D indicates iron being partitioned into the fp phase), while increasing temperature increases K D (Nakajima et al., 2012; Narygina et al., 2011; Sinmyo et al., 2008 Sinmyo et al., , 2011 . Successive spin state transitions in ferropericlase and perovskite can cause K D to decrease and then increase (Auzende et al., 2008; Irifune et al., 2010; Nakajima et al., 2012; Prescher et al., 2014; Sakai et al., 2009) , and the presence of ferric iron, which in turn depends upon oxygen fugacity and the presence of aluminium, can cause an increase in K D through its own spin transition (Nakajima et al., 2012; Prescher et al., 2014; Sinmyo and Hirose, 2013) . In addition the conversion of perovskite to post-perovskite (Hirose, 2013) may decrease the concentration of iron in ferro-periclase (Auzende et al., 2008) . In broad terms, however, while pyrolitic systems at lower mantle pressures and temperatures have a K D of ∼0.4-0.9 (Irifune et al., 2010; Prescher et al., 2014; Sinmyo and Hirose, 2013) , a mantle heavily enriched in ferrous iron would be expected to have a K D of <0.1 (Nakajima et al., 2012) . If ULVZs do have very high iron contents this would result in the strong partitioning of iron into ferro-periclase required to produce the observed ULVZs velocities and densities. The other local "best" solution has far too much Fe in perovskite relative to ferropericlase and we judge that to be an unlikely solution to ULVZs.
A considerable portion of the iron in the lower mantle can exist as ferric iron (Frost et al., 2004) . Ferric iron in the A-site of pv will decrease both density and K (Catalli et al., 2010 (Catalli et al., , 2011 . Lower densities will make it easier to fit ULVZ properties with a Fe-enriched mantle as it allows higher iron concentrations at ULVZ densities. On the other hand a lower K will impair fitting to ULVZ values as V s : V p ratios will decrease further. These effects are small (∼1%) and compensatory and will probably not overly affect fitting to ULVZs. On the other hand, ferric iron in the B site (either in Al-free pv or with an exchange between A-site Fe and B-site Al) has much larger effects due to its spin transition at ∼70 GPa (Catalli et al., 2010 (Catalli et al., , 2011 Hsu et al., 2011) . This spin transition increases k D , as stated above, which will decrease the likelihood of highly enriched fp forming but it also increases K (which aids fitting to ULVZ properties) and density (which impairs fitting to ULVZ properties) on the order of <10% (Catalli et al., 2010 (Catalli et al., , 2011 . A playoff between these different effects means that the presence of ferric iron is likely to shift but not remove the possibility of fitting to ULVZs, but full calculation of the properties of ferric-bearing pv at lower mantle conditions is required to know the exact effect.
Conclusions
We find a strong decrease in seismic velocity upon addition of iron to MgO due to both the increased density and the decreased moduli. The effect of Fe increases with temperature due to the higher temperature dependence of the shear and bulk moduli of FeO relative to MgO. The bulk modulus is more sensitive to the spin states of iron than the shear modulus which therefore affects V p more than V s . Above 25% Fe there is a significant discontinuity in K and V p . We find that at ULVZ conditions shear wave velocities of FeO can become as low as 2.2 km/s. The highest value we can obtain for (dln V s /dln V p ) T,P is 1.9 but that is for very high Fe contents which would increase the density above that observed in ULVZs. At ULVZ densities the highest value we obtain for (dln V s /dln V p ) T,P is 1.5, making it hard to reconcile ULVZ observations with just (Mg, Fe)O.
While the shear velocities are too high in a single phase Fe x Mg 1−x O system, we find that a mixture of perovskite and ferropericlase is able to simultaneously fit all measured ULVZ properties. In particular, small amounts of highly Fe-enriched periclase drop the shear velocities to well within the ULVZ range allowing appropriate V s and V p velocities at ULVZ densities. The choice of averaging for the moduli has a significant effect on mixing velocities, with Reuss and VRH averaging providing V s values in the range of ULVZs. In addition the very low shear modulus of highly iron-enriched ferropericlase leads to large velocity bounds in polyphase systems. We also find that (dln V s /dln V p ) T,P is significantly higher for the two-phase systems than for a single phase, and the highest possible value matches the expected ULVZ value of 3. We conclude, therefore, that a Fe-enriched lower mantle composition is able to explain the properties of ULVZs.
